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Momusayusa u yenn: Pabora mocsimieHa OpobjieMe MaTeMaTHYECKOro aHalu3a
(GyHIaMEHTAJIbHBIX  KJIETOYHO-MOJICKYJSIPHBIX ~ MEXaHM3MOB,  00ECHEeYHBAIOLINX
peaKkiui0 Ha JIOKANbHOE TIOBPEXKACHHE NpHU MPEHEOPEKUMO MAalloM BIUSHUH
MHUKPOOHOTO 3arps3HEHHsI Ha PaHEBOW Mpomecc. AKTYyaJbHOCTh TEMbI, B KOTOpPOH
ocoboe 3HaYeHne UMeeT (popMaTbHO-MAaTEeMaTHIECKOEe OMHMCAHUE ITHX MEXaHU3MOB C
MIPUBJIEYCHUEM KOJMUYECTBEHHBIX M Ka4eCTBEHHBIX JaOOpaTOPHBIX U KIMHHUYECKUX
JAaHHBIX, 00yCJIOBJIEHA MIMPOTOH 00JACTH MPHUIOKEHUH — OT XUPYPTUYECKUX KOKHBIX
paH 10 NOBpEXAECHUH MHOKapa WK Mo3ra Ipyu HH(papKTax.

W3BecTHO, 4YTO BOCHAJIMTENbHBIH OTBET HA TOBPEXAEHHE 000K 3THOJIOTHU
obecrieynBaeTCs, MPEXIE BCEro, CUCTEMOW BPOXKACHHOTO HMMYHHUTETa, KOTOpas
peryaupyeTcsi HEpBHOW M SHIOKPUHHOM CHCTEMaMHU 4epe3 CIOKHbIE B3aUMOJACUCTBUS
MMMYHHBIX KJIETOK MEXIY cO00Ml, C IpyruMH KJIETKaMi 1 OMOAKTHBHBIMH BELIECTBAMHU
(MenuaTopaMu BOCHAJeHHs W HeHpoOMeAHaTopaMHd, LUTOKHMHAMH, TOPMOHAMHU H
npyrumu 3 dexkropHpIME  MosieKynamu). BocmaneHue  BBIMONHSET — 3alIUTHYIO
(YHKLIMIO, HO OJHOBPEMEHHO MOXET CTaThb BaXHbIM (D)aKTOPOM IaTOreHesa,
YCUJIMBAIOIIUM TOBPEXICHHUE. YIIPABICHUE BOCHAIMUTEIBHON peaklMed, OCHOBAHHOE
Ha Oosiee TITyOOKOM OHMMAaHUH €€ MEXaHW3MOB, — OJTHO M3 aKTHBHO Pa3BUBAIOIINXCS
HanpaBJICHU COBPEMEHHON OHOMEIUIMHBL, KOTOPOE CBA3aHO C MPOOJIeMaTHUKON
paHHEro NPOrHO3a XapakTepa WMMYHHOTO OTBETa W mHoucka Oonee 3(dexkTuBHBIX
CTpaTeruii /Uid CHW)KEHHS YPOBHS MOBPEXKICHHUS U YCKOPEHHS BOCCTAHOBUTEIHHOTO
nporiecca (0030p JIUTEPATypbl MOXKHO HalTH B [ 1-6]).

Memoowt u aneopummei: MexaHW3MBI MHOTHX 3a00JIeBaHWH, Ba)XXKHOH YacCThIO
MaToreHe3a KOTOPBIX SIBIIETCS BOCIANEHHE, SABIAIOTCA KpailHEe CIIOXKHBIMH U
3anmyTaHHbiMH. [llupoTa mepeyns HamOosee 3HAYUMBIX (AKTOPOB ACENTUYECKOTO
BOCHIAJIEHUSI, WX  MHOTOQYHKUMOHAIBHOCTD M  IUIACTMYHOCTb, a  TaKkKe
TPYAHOJOCTYITHOCTh JI€TAIBHBIX AKCHEPUMEHTAIBHBIX M KIMHUYECKHX H3MEPEHUN
TpeOyroT Oojiee THOKOrO MOAXOAa B BHIOOpE ONTUMAaIbHOrO Habopa MapaMeTpoB
COCTOSTHMSL TPpM  MAaT€MaTHYEeCKOM MOJEIUPOBAHUM JMHAMHUKH IPOLIECCOB B
MOBPEKJCHHBIX y4yacTKax TKaHHW. [[o3ToMy BO3HHMKaeT MOTPeOHOCTH B IMOCTPOCHHUH
HepapXuy MaTeMaTHIECKUX MOJCNIeH pa3HON CTETIeHN OWOJIOTUICCKON IeTaau3allii U
MaTEeMaTHYECKOW CIIO)KHOCTH, KOTOpBIE MOJDKHBI OO0NafaTh HEKOTOPHIM HabOopoMm
3aJJaHHBIX OMOJIOTHMYECKH OOYCIIOBJICHHBIX MaTeMaTH4ecKuX cBoicTB. HeoOxoaumbiM
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yCJIOBUEM, OIPEIEIISIONINM aJeKBaTHOCTh MOJEJICH, SIBIISIETCS TaK)Ke KaueCTBEHHOE U
KOJINYECTBEHHOE COOTBETCTBHE IKCIIEPUMEHTANBHBIM JIaHHBIM.

Pa3zpaboTka HOBBIX MAaTEMAaTHYECKUX MOJAENEH IPOM3BOAUICA B COOTBETCTBUH C
OOIIETIPUHATON METOAOJIOTMEH HUAEHTHU(UKAIMM CHCTEM UM  MaTeMaTHYECKOIo
MonenupoBanus. B paboTe  ucmomb3yercs — OpUTHHANbHAs  SKOHOMHYHAsS
BBIYUCIUTEIbHAS TEXHOJIOI M MACHTU(PHUKALUN MaTEMaTHIECKUX MOJIeNIel, OCHOBaHHAS
Ha U3BECTHOM JKCIEPUMEHTAIbHO-BBIYNCINTENFHOM HOAX0IE U HJIe€ NEKOMIIO3ULIUI—
cOopku cucTteM UQQepeHInaNbHBIX ypaBHeHUH. YWCIeHHOEe penleHre 3anadu
CTPYKTYpHOH M mapamMeTpHyecKod uaeHTudukauuu auddepeHInanbHbIX ypaBHEHHH
OCHOBAHO Ha HCIOJb30BAaHUM METOJOB THIIA MPEIUKTOP—KOPPEKTOP U A-yCTOMYMBBIX
YHICIEHHBIX METO/MOB ceMeilcTBa Anamca, T€HETHMYECKOro alropuTMa M MeEToja
pacIIeIICHHUS 110 TPOCTPAHCTBEHHBIM HAIIPaBICHHsM [7].

Pesynomamur: B pabote npuBOAATCS pe3yabTaThl HECKOJIBKUX LIUKIIOB UCCIICAOBAaHUH B
001acTi co3laHus Mepapxuil MaTeMaTHUECKUX MoJeseH, chOpMyIMPOBaHHBIX B BUIE
HayalbHBIX W  HAYalbHO-KpPAaeBbIX  3agad Uil CHCTEeM  OOBIKHOBEHHBIX
T pepeHINANBHBIX YpaBHEHUH, YpaBHEHHMH C 3ama3IblBAHUEM W PEaKIUOHHO—
O y3NOHHBIX ypaBHEHH.

Haunbonee nakoHWYHOE MpEACTABICHHE O MOJICKYISPHO-KIETOUYHBIX MEXaHU3MaX
aCeNTHUYECKOr0 BOCMAJIEHHS HCIONb3YeTCs B HEepapXUd MaTeMaTHYecKHUX Mojesei
pa3BUTHS TOBpEeXIeHUS MuoKapaa npu uHpapkre |l Trma. B pamkax sTolt mepapxuun
JaHbl OLICHKH 3(PPEKTUBHOCTH TMIIOTETUYECKUX CTPATErnii YIPaBICHUS MOJIpU3aLUeH
W TepenporpaMMHpOBaHHEM MakpodaroB, B TOM 4HCIE€ C TOYKM 3PCHUS
«TEpaneBTUYECKOTO OKHa». [Icroiap30oBaHHE HEPApXMUYECKOr0 IOAXOAA IO3BOIMIO
IPOMUTIOCTPUPOBATh JOCTATOYHYIO LIMPOTY BO3MOXKHOCTEH JIOKaIbHO-OJHOPOAHOTO
MPUOVKEHUSI ¥ IATh MPEICTABIICHUE O POITU IPOCTPAaHCTBEHHBIX 3()(hEKTOB B pa3BUTHH
BOCHAJIMTENILHOTO OTBeTa Mpu HHpapkTe [2—4].

Pa3zpaborana HOBas mepapxus MaTeMaTHYECKHX MOJAENEH AMHAMHMKH ACENTHYECKOTO
BOCHAJIUTENIHOTO MpOlEcca TPUITEPHOT 0 TUIIA, OCHOBAaHHAs Ha Mojenu [5, 6]. Moxenu
9TON MepapXuy XapakTepU3YIOTCS Pa3HOW CTENEHBIO MOJHOTH HAabopa MapaMeTpoB
COCTOSIHUSI, HO BCE OHM MOTYT OBITH HCIIOJIb30BaHbl Ul MPEIBAPUTEIBHON OLIEHKU
pHCKa MPOTrPEeCCUPOBAHUS OCTPOrO ACENTHYECKOIO BOCHAJICHUS B XPOHHYECKOE IIO
HayYalbHBIM JIaHHBIM.

[IpenyioskeHa ©  HccileoBaHa HMepapxHs HOBBIX MaTeMaTH4YeCKUX  MOAeJer
(YHKUMOHUPOBAHUSL CIOXKHOTO MEXaHW3Ma KJIETOYHO-MOJICKYJSIDHOW peakiuyd Ha
HNOBPEXKJECHNE, BKJIKOYAIOIIE WMMYHHBIH M HEHPOI€HHBIA OTBETBI B  MX
B3aHMOJICHICTBHU.

Bce paspaboraHHble MOJENM YCHEIIHO MNPOUUIM BaJMJALMIO C IPHUBICYCHHEM

JOKCHEPUMEHTAIBHBIX  JaHHBIX, HCCIIEIOBaHA HX YyBCTBUTENBHOCTh K
HEONPEIEJICHHOCTSIM B MapaMeTpax, 3aBUCUMOCTh OT HadaJbHBIX YCIOBHHA M 00JIACTh
NIPUMEHUMOCTH.

Qunancuposanue. Pabota BBHINONHEHa B paMKax TOCYJapCTBEHHOI'O 3aJaHUs
MunobOpaayku  Poccum  qnss DepepalbHOTO — MCCIIEIOBATENBCKOTO — IIEHTpPA
I/IH(l)OpMaIlI/IOHHBIX W BEIYUCIUTEILHBIX TEXHOJIOTHIA.
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Motivation and Aim: The work is devoted to the problem of mathematical analysis of the
fundamental cellular and molecular mechanisms that provide a response to local damage
with negligible effect of microbial contamination on the wound healing process. The
relevance of the topic is due to the breadth of the field of applications — from surgical
skin wounds to myocardial or brain ischemic damage.

It is well known that the inflammatory response to damage of any etiology is provided
primarily by the innate immune system, which is regulated by the nervous and endocrine
systems through complex interactions of immune cells with each other, other cells and
bioactive substances (inflammatory mediators and neurotransmitters, cytokines,
hormones and other effector molecules). Inflammation performs a protective function,
but at the same time it can become an important factor in pathogenesis, enhancing
damage. The management of an inflammatory response based on a deeper understanding
of its mechanisms is one of the actively developing areas of modern biomedicine. It is
especially relevant in connection with the problems of early prediction of the nature of
the immune response and the search for more effective strategies to reduce the level of
damage and accelerate the recovery process. A detailed review of the research can be
found in [1-6].

Methods and Algorithms: The mechanisms of many diseases, an important part of the
pathogenesis of which is inflammation, are extremely complex and confusing. One of
the most common variants of inflammation is considered to be the process in the necrosis
zone with a local violation of tissue viability. However, the list of the most significant
factors of aseptic inflammation is too wide. And these factors are characterized by
versatility and plasticity, and their detailed experimental measurements are expensive
and too complicated. Because of this, it is necessary to take a more flexible
approach when choosing the optimal set of state parameters for mathematical modeling
of the dynamics of processes in damaged tissue areas.

Therefore, it is necessary to create a hierarchy of mathematical models with varying
levels of biological detail and mathematical complexity. These models must have a
specific set of biologically determined mathematical properties. A necessary condition
determining the adequacy of models is also qualitative and quantitative compliance with
experimental data.

The development of new mathematical models is carried out in accordance with the
generally accepted methodology of system identification and mathematical modeling.
The work uses an original cost-effective computational technology for identifying
mathematical models based on the well-known experimental computational approach
and the idea of decomposition-assembly of systems of differential equations. The
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numerical solution of the problem of structural and parametric identification of
differential equations is based on the use of predictor—corrector type methods and A-
stable numerical methods of the Adams family, a genetic algorithm and a spatial splitting
method [7].

Results: The report presents the results of several research cycles in the field of creating
hierarchies of mathematical models formulated in the form of initial or initial-boundary
value problems for nonlinear systems of ordinary differential equations, equations with
time delay and reaction—diffusion equations [2—6].

The most concise representation of the molecular and cellular mechanisms of aseptic
inflammation is used in the hierarchy of mathematical models of myocardial infarction
[2, 3]. The hierarchical approach made it possible to illustrate a sufficient breadth of
possibilities for a locally homogeneous approximation and to give an idea of the role of
spatial effects in the development of an inflammatory response in heart attack [3]. Within
this hierarchy, estimates of the effectiveness of hypothetical strategies for controlling
polarization and reprogramming of macrophages are given, including from the
perspective of the “therapeutic window” [4].

A new hierarchy of trigger-type models of the dynamics of the aseptic inflammatory
process has been developed. The models in this hierarchy are characterized by varying
degrees of completeness of the set of state parameters, but they can all be used to pre-
assess the risk of progression of acute aseptic inflammation to chronic according to initial
data.

A hierarchy of new mathematical models of the functioning of a complex mechanism of
cellular and molecular response to damage, including immune and neurogenic responses
in their interaction, is proposed and investigated. These models include the trigger-type
model [5, 6] as their basis.

All the developed models have been successfully validated using experimental data, their
sensitivity, dependence on initial conditions and the scope of applicability have been
investigated.

Funding: The research was carried out within the state assignment of Ministry of Science
and Higher Education of the Russian Federation for Federal Research Center for
Information and Computational Technologies.
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